Sex in zebrafish is not determined by a major chromosomal locus, but instead relies on a mechanism that is influenced by a germ cell-derived signal, as animals that lack germ cells, or specifically oocytes, develop as phenotypic males. These data suggest that during primary sex determination, an oocytederived signal acts on the bipotential somatic gonad to promote the female-specific program. However, it is not known if germ cells are required only during the primary sex-determining window, or if they are required throughout adult life to maintain the female sexual phenotype. Here, we show that while wild-type zebrafish do not switch sex as adults, germ cell-depleted adult females readily convert to a male phenotype. Notably, when oocytes are depleted, but germline stem cells remain, adult females sex-revert to sperm-producing males, indicating that a germ cell-derived signal acts on the somatic gonad to promote female development directly or indirectly by repressing male-specific gene expression. These results also confirm that signals from the somatic gonad in turn ensure that the sex appropriate gamete is produced.
Introduction
Teleost fish use a wide range of mechanisms to determine sex, from one extreme of genetic sex determination (GSD) to another that is reliant upon environmental influences (Mank et al., 2006) . In addition, it has been estimated that 2% of teleost species have evolved the amazing ability to switch sex as adults (Avise and Mank, 2009 ). This diversity suggests that sex-determining mechanisms in teleosts are evolutionarily labile relative to that of other vertebrate groups, such as mammals that use a single GSD system. Although it is not known for certain why sexdetermining mechanisms in teleosts are so diverse, recent studies in the distantly related model teleost fishes, medaka (O. latipus, order Beloniformes) and zebrafish (D. rerio, order Cypriniformes) reveal that despite employing different modes, the sexdetermining mechanisms used by these species have at least one feature in common: In both zebrafish (presumed environmental sex determination) and medaka (XY/XX GSD), germ cells are a prerequisite for female development as ablation of primordial germ cells (PGCs) during the first day of development causes all fish to develop as phenotypic, though sterile, males (Kurokawa et al., 2007; Siegfried and Nusslein-Volhard, 2008; Slanchev et al., 2005) .
In zebrafish, this germ cell requirement appears to be fulfilled specifically by early meiotic oocytes (Rodriguez-Mari et al., 2010) . While zebrafish are a gonochroistic species (i.e. have two distinct sexes) that do not normally switch sex as adults, they are classified as transient hermaphrodites because early stage oocytes are produced by the gonads of all larval fish between $ 10 and 25 days post-fertilization (dpf), regardless of the eventual sex of the individual (Takahashi, 1977) . However, in animals that are mutant for the Fanconi anemia gene, fancl, these early oocytes die soon after entry into meiosis, and all mutant animals develop as males (Rodriguez-Mari et al., 2010) . The somatic gonad of all larval fish is bipotential, and cells expressing female-and malespecific genes can be detected within the same gonad primordia (Rodriguez-Mari et al., 2005; Siegfried and Nusslein-Volhard, 2008) . These studies therefore suggest that oocytes bias the fate of the somatic gonad toward female development, perhaps by producing a signal(s) that recruits and maintains somatic cells that express female-specific genes (e.g. genes required for estrogen production). It is not known, however, if the proposed oocyte signal(s) functions only during primary sex determination, or perhaps is required throughout life to maintain the adult female sexual phenotype.
Here, we show that germ cells play an active role in maintaining the sexual phenotype of adult female zebrafish. When germ cells are lost in adult females due to mutation or pharmacogenetic ablation, the somatic gonad sex reverses to a testis fate and the fish becomes phenotypically male. In cases where some germline stem cells remain, they switch from producing oocytes to producing sperm and the sex-reverted animals are fertile. These results indicate that germ cells, and perhaps specifically oocytes, produce a signal(s) that acts upon the somatic gonad to promote the maintenance of a female developmental fate, similar to what has previously been proposed for primary sex determination in zebrafish (Rodriguez-Mari et al., 2010) .
Materials and methods
Fish strains nanos3(fh49) homozygous males were crossed to heterozygous females to generate the nanos3 mutants used in this study. The genotypes of animals from this cross were determined as previously described . The wild-type strain n AB was used in the production of transgenic lines and in mating trials. Zebrafish were maintained as described (Westerfield, 2000) .
Plasmid construction and generation of transgenic fish
The CFP-NTR cassette was amplified from pIns:CFP-NTR (Curado et al., 2007) using primers (attB sequences underlined) fwd: GGGGACAAGTTTGTACAAAAAAGCAGGCTATGGTGAGCAAGG-GCGAGGAGC, rev: GGGGACCACTTTGTACAAGAAAGCTGGGTGAAT-TACACTTCGGTTAAGGTGATG for use in Gateway recombinationbased cloning into pDONR221 (Invitrogen) to produce the middle entry vector, pME-CFP-NTR. An LR reaction was performed using p5E-ziwi 4.8 kb (Leu and Draper, 2010) , pME-CFP-NTR, and pTolDestR4-R2pA (Villefranc et al., 2007) to produce pBD228. To produce transgenics, n AB embryos were co-injected at the onecell stage with 5 pL of Tol2 transposase mRNA (prepared as described in (Kwan et al., 2007) and pBD228 plasmid DNA at 5 ng/mL each. Germline transgenic founders were identified by screening for CFP expression in germ cells between 15 and 25 days post fertilization using a Leica MZ16 fluorescent stereomicroscope. A single founder was outcrossed to n AB to produce the Tg(ziwi:CFP-NTR) (uc5) transgenic line used in this study.
Metronidazole treatment
For ablation experiments, metronidazole (Mtz; Sigma M1547) was dissolved in fish water containing 0.8% DMSO and 0.2% clove oil (Sigma C8392). Clove oil is a mild sedative and was added to reduce stress and therefore increase survival (Rohner et al., 2011) . We determined the efficacy of metronidazole (Mtz)-induced germ cell ablation by varying both the concentration of Mtz and duration of treatment. We varied the concentration between 5-10 mM and the duration of single treatments between 12-72 h. We found that o10 mM Mtz induced little or no germ cell ablation regardless of treatment duration. By contrast, single 48 h treatments in 10 mM Mtz efficiently induced oocyte ablation, though in some trials, this treatment resulted in $ 50% lethality. From these preliminary trials we chose as our standard to treat 5-month old Tg(ziwi:CFP-NTR) (uc5) females for 3 Â 16 h in 10 mM Mtz, with 30 h of recovery between treatments. With this treatment regime, germ cells were efficiently ablated, and 70-95% of fish survived. For controls, 5-month old Tg(ziwi:CFP-NTR) (uc5) females were treated in system water containing only 0.8% DMSO and 0.2% clove oil. During all treatments, fish were protected from light. Two months following treatment, fish were photographed, euthanized, and processed for in situ hybridization, immunohistochemistry, or histology. The results presented here are from six independent Mtz ablation experiments.
Whole-mount RNA in situ hybridization cyp191a1a and amh probes were those used by Siegfried and Nüsslein-Volhard (Siegfried and Nusslein-Volhard, 2008) . In situ hybridization was essentially performed as described in Thisse and Thisse, 2008 , with the exception that probe hybridization solutions contained 5% dextran sulfate (GE Health Care, US70796).
Immunohistochemistry
Gonads were incubated for 10 min in 10 mg/mL RNase A in 1X PBS/0.5% Triton x-100 at 37 1C and then DNA was stained with propidium iodide (Invitrogen P3566) according to the manufacturer's protocol. Fluorescent images were captured using an Olympus FV1000 laser scanning confocal microscope.
Histology
Gonads were fixed in 2% paraformaldehyde/2.5% glutaraldehyde/ 0.1 M sodium cacodylate then washed in 0.1 M sodium cacodylate, dehydrated in a graded series of ethanol, incubated in propylene oxide then infiltrated and embedded with epoxy resin (Poly/Bed 812, Polysciences Inc.). Sections were stained with toluidine blue.
Results

Adult nanos3 mutant females sex-revert to males following oocyte loss
To determine if oocytes are required to maintain a stable sexual phenotype in adult zebrafish, we used two independent methods to deplete oocytes from adults (42.5 months of age). First, we examined the sexual phenotype of nanos3 null mutant females, which are capable of producing oocytes and mature eggs as young adults, but due to a failure to maintain germline stem cells are agametic at 5 months of age (mo) (Beer and Draper, 2012; Draper et al., 2007) . Adult zebrafish males and females can be distinguished using several criteria, including body shape, pigmentation, and mating behavior. Females have large, egg-filled abdomens and light yellow pigmentation in their fins and abdomen, and a prominent cloaca, whereas males are more slender with darker yellow pigmentation and an indistinct cloaca (Schilling, 2002; Slanchev et al., 2005; Spence et al., 2008) Fig. 1A -A 00 , D-D 00 , and E-E 00 ; Fig. S1A , S1D, and S1E). We identified 2.5 mo nanos3
homozygous mutants by genotyping and then confirmed females as those individuals that spawned eggs when mated to males, or expressed eggs when gently squeezed (referred to below as ''nanos3 mutant 11 females''). nanos3 þ /À heterozygotes are phenotypically normal in all respects , and for simplicity will be referred to as ''control'' below. At 2.5 mo, nanos3 mutant 11 females are indistinguishable from control females ( Fig. 1A and B) . In sharp contrast to the 5 mo control females, all (17/17) 5 mo nanos3 mutant 11 females had a body shape and pigmentation pattern that was most similar to that of control males (Fig. 1C-C 00 , D-D 00 ; Fig. S1C , D). In addition to these changes, most (15/17) 5 mo nanos3 mutant 11 females also exhibited male-specific behavior, as they were capable of inducing wild-type females to spawn in mating trials. However, as nanos3 mutant 11 females are agametic at this stage , no fertilized zygotes were recovered from spawned eggs (0/2,564 eggs fertilized). Although these results suggest that germ cell depletion is sufficient to cause female-to-male sex reversal in zebrafish, this may instead be the consequence of perturbing an unknown function of nanos3 that is independent of its role in maintaining oocyte production.
Partial germ cell ablation causes sex reversion of adult females to fertile males
To more directly test the hypothesis that germ cells maintain the female sex in adult zebrafish, we employed a conditional targeted cell ablation method to specifically deplete germ cells in an adult female that is otherwise wild-type for nanos3. Zebrafish cells expressing the bacterial nitroreductase (NTR) enzyme undergo apoptosis when exposed to the prodrug metronidazole (Mtz) (Curado et al., 2007) . Importantly, Mtz exposure appears to kill only NTR-expressing cells while leaving adjacent non-NTR expressing cells unharmed (Curado et al., 2007 (Curado et al., , 2008 . We produced stable transgenic lines that expressed a Cyan Fluorescent Protein-NTR (CFP-NTR) fusion protein in all germ cells using the germ cellspecific ziwi promoter (Leu and Draper, 2010) . In this line, CFP-NTR is expressed in all germ cells, though premeiotic cells express markedly lower levels than do early stage oocytes. We first confirmed the identity of Tg(ziwi:CFP-NTR) 11 females by their phenotype and their ability to produce eggs in mating trials or when gently squeezed ( Fig. 2A-A  00 and B-B 00 ; Fig. S2A and B) . We then treated 5 mo Tg(ziwi:CFP-NTR) 11 females with Mtz to induce germ cell ablation and assayed their phenotype. One week post-Mtz treatment there was already a striking change in the size of the abdomen, presumably due to the loss of most oocytes, but there was little or no perceivable change in pigmentation (data not shown). However, two months following ablation, 33/54 Tg(ziwi:CFP-NTR) 11 females had a significant increase in yellow pigmentation, lacked a prominent cloaca, and were slender like control males (Fig. 2C-C 
00
and D-D 00 ; Fig. S2C , and D). Additionally, 13 of these 33 were capable of inducing wild-type females to spawn in 16 mating trials. In sharp contrast to sex reversed nanos3 11 mutant females, viable embryos were produced in nine of these trials by eight of the 13 sexreverted males (278/1652 total eggs fertilized). This result is specific to Tg(ziwi:CFP-NTR) females as 8/8 Mtz-treated wild-type females remained female (data not shown). These data demonstrate that germ cells in adult females are continually required to maintain the female sex, possibly by repressing male development, and that when germ cell ablation is incomplete, remaining germline cells can switch from producing oocytes to producing functional sperm.
We determined the extent of sexual reprogramming in Mtztreated 11 females by examining their gonads in closer detail 2 months-post treatment. We first analyzed those that had a male phenotype and found they all had testis-like gonads that contained large patches of CFP-expressing germ cells (n¼11; Fig.  S3B-D) . Of the fish analyzed, five had successfully induced females to spawn (above), and four of these events yielded viable embryos. In contrast, all Mtz-treated fish that retained a female phenotype had ovaries (n¼ 4; data not shown). We next compared the expression of sex-specific genes between the testis-like tissue of Mtz-treated 11 females and the gonads of wild-type males and females. The gene encoding the aromatase cyp19a1a is expressed in granulosa cells surrounding oocytes in the wild-type ovary, but is not expressed in testes ( Fig. 3B and D ; RodriguezMari et al., 2005) , whereas the anti-Mullarian hormone (amh) gene, which encodes a member of the BMP family of signaling proteins, is expressed at high levels in Sertoli cells in the wildtype testis, but at very low levels in granulosa cells that surround late stage oocytes in wild-type ovaries ( Fig. 3A and C ; RodriguezMari et al., 2005) . We found that unlike wild-type ovaries, the gonads of sex reversed fish expressed high levels of amh, but not cyp19a1a, in a pattern that was indistinguishable from that observed in a wild-type testis ( Fig. 3E and F) . Finally, we determined to what extent the morphological organization of Mtz-induced sex-reversed gonads resembled wild-type testes. We used CFP expression to identify germ cells, and determined developmental stage by examining nuclear morphology (Leu and Draper, 2010) . We found that in comparison to control ovaries, which contained premeiotic germ cells as well as larger meiotic oocytes (Fig. 3G-I and P) , the gonads of sex-reverted Tg(ziwi:CFP-NTR) 11 females had a germ cell and somatic support cell organization that was indistinguishable from that of control testes. In both control male and sex-reverted gonads, germ cells of all stages of spermatogenesis were represented, and further were arranged into lobules characteristic of normal testes (Fig. 3J -O, Q and R). Taken together, these results provide strong evidence that in zebrafish, an oocyte-derived signal is required not only to establish the female sex at the larval to juvenile transition, but also to continuously maintain this state throughout adult life. Significantly, we have shown here that following oocyte depletion, adult female zebrafish can sex-revert to sperm-producing males.
Discussion
A model for zebrafish sex maintenance
We have shown here, using two independent methods, that adult zebrafish females readily sex-revert to a male phenotype following the loss of most, or all, of their germ cells. These findings provide strong evidence that in zebrafish, germ cells play an active role in the maintenance of the adult female sexual phenotype. We propose a model that germ cells, and more specifically, oocytes, produce a signal that acts on the somatic gonad to stabilize the female developmental state (arrow 3 in Fig. 4) . It is known that in addition to providing a niche for developing gametes, the somatic gonad produces sex-specific hormones that play key roles in determining secondary sexual characteristics, such as the pigmentation and behavior of the animal (for review, see Devlin and Nagahama, 2002) . Estrogen is the key female hormone produced by the ovary and is synthesized using androgens as precursors by the cytochrome P450 aromatase Cyp19a1 (Simpson et al., 1994) . Zebrafish have two cyp19a1 genes that resulted from the whole genome duplication event (Chiang et al., 2001; Kishida and Callard, 2001) . High levels of cyp19a1a expression is limited to granulosa cells that surround developing oocytes in the ovary, while cyp19a1b expression appears to be limited to the brain (Chiang et al., 2001; GotoKazeto et al., 2004; Kishida and Callard, 2001) . It is therefore likely that the primary function of our proposed oocyte signal is to promote estrogen production (arrow 1 in Fig. 4) , perhaps by promoting the development of cyp19a1a-expressing granulosa cells in the ovary. Consistent with this, pharmacological inhibition of aromatase activity in zebrafish during the juvenile period (20-60 dpf) results in male-only development (Uchida et al., 2004) .
We favor oocytes as the source of the signal because an oocyte-derived signal appears to play a key role in zebrafish female primary sex determination, which occurs during the late larval stage. Zebrafish sex is not specified by a major chromosomal locus, but instead by an apparent polygenic system that may be biased by an unknown environmental component (Anderson et al., 2012; Bradley et al., 2011; Liew et al., 2012) . All zebrafish larvae initially produce oocytes between $10-25 dpf (Maack and Segner, 2003; Takahashi, 1977) and fish that lose germ cells prior to this stage, or specifically oocytes only, develop as phenotypic males (Houwing et al., 2007; Rodriguez-Mari et al., 2010; Siegfried and Nusslein-Volhard, 2008; Slanchev et al., 2005) . These results led to the proposal that an oocyte-derived signal acts on the bipotential somatic gonad to promote a femalespecific program, and if a threshold amount of signal is achieved, ovarian development proceeded and animals developed as females. Absent this, oocytes undergo apoptosis and testis development is initiated (Rodriguez-Mari et al., 2010) . In light of our results, it is reasonable to propose that following primary sex determination, oocytes continue to signal to the somatic gonad through the same, or related, signaling pathway and that this is necessary to maintain the female fate (arrow 3 in Fig. 4) . However, resolving whether primary sex determination and maintenance of the adult sexual phenotype are the same or different mechanisms will require identification of the signal(s).
In mammals, several oocyte-expressed paracrine factors have been identified that are important for granulosa and theca cell development and function, including the TGFb factors, bone morphogenetic protein 15 (BMP15), growth differentiation factor 9 (GDF9) (Carabatsos et al., 1998; Dong et al., 1996) , and the fibroblast growth factor ligand FGF8. Mutant analysis has shown that GDF9 and BMP15 function together to promote granulosa cell development and expansion (Su et al., 2004; Yan et al., 2001) . Similarly, FGF8 and BMP15 promote the expression of glycolytic enzymes in granulosa cells (Sugiura et al., 2007) . These factors are conserved in zebrafish, where they are also expressed in early stage oocytes (B.W.D., unpublished; Clelland et al., 2006; Liu and Ge, 2007) . It is therefore possible that these or similar factors positively regulate granulosa cell development in zebrafish and therefore influence determination and/or maintenance of sex via estrogen biosynthesis by the Cyp19a1a aromatase.
We have shown here that in the absence of oocytes, cells within the somatic gonad begin to express a male-specific program, as indicated by the upregulation of amh and the restructuring of the tissue into an organization that is indistinguishable from a wild-type testis. Several possible mechanisms could account for this transformation. First, it is possible that following germ cell loss, somatic gonad cells that are initially female-specified transdifferentiate into male-specified cells. Alternatively, the female-specified cells may die and be replaced by male-specified cells that are produced de novo from a resident precursor population. In medaka, cell lineage analysis has shown that a common embryonic precursor gives rise to both granulosa cells in females and Sertoli cells in males (Nakamura et al., 2008) . It is therefore possible that a similar precursor population is present in zebrafish that can be reprogrammed to produce a new cell type following sex reversal, as we have shown happens with germline stem cells. To resolve this, it will be necessary to mark granulosa cells and determine their fate following sex reversion. Finally, some fish that normally switch sex as adults simultaneously have both ovaries and testes (e.g. Kobayashi et al., 2005) , though at any one time only one is usually functional while the other is rudimentary. However, no such structure has ever been noted in zebrafish, so it is unlikely that this is the mechanism of sex reversal induced by germ cell depletion.
While we have shown here that germ cells influence the developmental fate of the adult somatic gonad in zebrafish, the Thin arrows indicate developmental transitions within the germ cell lineage; box represents somatic gonad, and horizontal division represents the fact that in the zebrafish gonad, low levels of male-and female-specific gene expression can be detected in ovaries and testes, respectively (representative genes listed on left). Somatic gonad derived signals, designated 1 and 2 in diagram, instruct germ cells to produce either oocytes (1) or spermatocytes (2); the proposed oocyte signal (3) acts on the somatic gonad to promote female-specific gene expression in ovaries, while the adult male testis can repress female specific gene expression (4), regardless of whether germ cells are present. In adult females, disruption of either signal 1 or 3 will lead to femaleto-male sex reversal. GSC, Germline stem cell. sex of the somatic gonad was already known to dictate the sexual identity of adult germ cells (arrows 1 and 2, Fig. 4) . Transplantation studies in zebrafish have established that adult germline stem cells are not irreversibly sex determined, as they will switch the gamete type they produce when introduced into a host gonad that is the opposite sex from which they were derived (Wong et al., 2011) . It was therefore not surprising that in our experiments, germline stem cells also switch sex following sex reversal of the soma.
If bidirectional signaling between germ cells and the somatic gonad determines the sexual fate of these tissues, how is this signaling loop first established? In both zebrafish and medaka, the initial expression of the estrogen-producing aromatase cyp19a1a in early somatic gonad cells is independent of germ cells as cyp19a1a-expressing cells are present in agametic larval gonads (Siegfried and Nusslein-Volhard, 2008; Nakamura et al., 2009) . However, at a later time point, expression of cyp19a1a becomes dependent on germ cells as it is undetectable in the gonads of agametic juvenile zebrafish (Siegfried and Nusslein-Volhard, 2008) . It is possible that early expression of cyp19a1a stimulates adjacent germ cells to enter meiosis and form oocytes, which then produce a signal(s) that stabilizes cyp19a1a expression or promotes the development of more cyp19a1a-expressing granulosa cells. Alternatively, the first wave of oocyte production in larval fish may be regulated by a mechanism that is independent of estrogen. To distinguish between these possibilities, it will be necessary to analyze germ cell development in larvae that lack the ability to produce or respond to estrogen.
Sex determination and maintenance in other teleost fish
Our proposed model may not be unique to zebrafish as there is evidence in distantly related teleost species that an oocyte signal similarly plays a role in female primary sex determination and maintenance. First, as in zebrafish (Siegfried and NussleinVolhard, 2008; Slanchev et al., 2005) , recent studies in medaka revealed that ablation of PGCs during the first day of development causes all fish to develop as phenotypic, though sterile, males, despite the fact that medaka employ XY/XX GSD (Kurokawa et al., 2007) . Second, an oocyte signal in adult trout (O. mykiss, order Salmoniformes; XY/XX GSD) appears to repress male reprogramming in the gonad, as triploid adult females initially produce oocytes, but switch to producing sperm after the oocytes die due to complications in early meiosis (Carrasco et al., 1998) . Finally, as was shown in zebrafish, transplantation of trout germline stem cells isolated from an adult donor into the gonad of an opposite sex host results in the donor-derived germ cells sex reverting to produce the host-appropriate gamete type (Okutsu et al., 2006; Wong et al., 2011; Yoshizaki et al., 2010) . While these results suggest conservation of this mechanism in some species, it is clearly not conserved in all teleosts. Specifically, two recent studies have shown that in the loach (M. anguillicaudatus, order Cypriniformes; XY/XX GSD) and goldfish (C. auratus, order Cypriniformes; XY/XX GSD), oocytes are not required for female sex determination as depletion of PGCs in genetic females during early development does not result in female-to-male sex reversal (Fujimoto et al., 2010; Goto et al., 2012) .
Finally, it is becoming increasingly clear that in adult mammals the sexual phenotype of the somatic gonad requires continued reinforcement to maintain a sex-specific gene expression profile, and absent this, is capable of undergoing partial sex reversal. For example, conditional knockout in mouse somatic gonadal cells of the ovary-specific FoxL2 transcription factor (Uhlenhaut et al., 2009) or the testis-specific Dmrt1 transcription factor (Matson et al., 2011 ) is sufficient to cause near complete reprogramming of the somatic gonad to that of the opposite sex.
In mice, however, full sex reversal has not been observed in any of these studies, in part because germ cells do not survive in a sexreverted somatic gonad (Matson et al., 2011; Uhlenhaut et al., 2009) . While these studies show that an active mechanism is necessary for maintaining the appropriate cell types of the adult somatic gonad, germ cells appear to play no role in either the establishment or maintenance of these tissues (reviewed in McLaren, 1991; Maatouk et al., 2012) . Thus, the system that maintains the sexual phenotype in teleost fish appears more developmentally labile than that in mammals, and may account for the apparent ease with which teleosts can evolve and transition between different modes for determining sex, including the ability to switch sex as adults.
